The dorsal premammillary nucleus (PMd) is one of the most responsive hypothalamic sites during exposure to a predator or its odor, and to a context previously associated with a predatory threat; and lesions or pharmacological inactivation centered therein severely reduced the anti-predatory defensive responses. Previous studies have shown that beta adrenergic transmission in the PMd seems critical to the expression of fear responses to predatory threats. In the present study, we have investigated the putative sources of catecholaminergic inputs to the PMd. To this end, we have first described the general pattern of catecholaminergic innervation of the PMd by examining the distribution and morphology of the tyrosine hydroxylase (TH) immunoreactive fibers in the nucleus; and next, combining Fluoro Gold (FG) tracing experiments and TH immunostaining, we determined the putative sources of catecholaminergic inputs to the nucleus. Our results revealed that the PMd presents a moderately dense plexus of catecholaminergic fibers that seems to encompass the rostral pole and ventral border of the nucleus. Combining the results of the FG tract-tracing and TH immunostaining, we observed that the locus coeruleus was the sole brain site that contained double FG and TH immunostained cells. In summary, the evidence suggests that the locus coeruleus is seemingly a part of the circuit responding to predatory threats, and, as shown by the present results, is the sole source of catecholaminergic inputs to the PMd, providing noradrenergic inputs to the nucleus, which, by acting via beta adrenoceptor, seems to be critical for the expression of anti-predatory responses.
A great deal of evidence suggests the medial hypothalamic defensive system, centered around the anterior hypothalamic nucleus, the dorsomedial part of the ventromedial hypothalamic nucleus, and the dorsal premammillary nucleus (PMd), plays a pivotal role in processing inputs from amygdalar circuits integrating predator-derived cues, and from the septo-hippocampal system relaying contextual processing from a predator-related environment [4, 8, 15, 19] . The PMd occupies a strategic position in the medial hypothalamic defensive system, and is one of the most responsive hypothalamic sites during exposure to a predator or its odor, and to a context previously associated with a predatory threat. Lesions centered therein severely reduced the defensive responses to both a live cat and its odor [2, 5, 8, 14] . In addition, pharmacological inactivation of the PMd, immediately before the exposure to a context previously associated with a predator or its odor, was able to practically abolish the contextual conditioned responses [7, 8] .
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Conversely, electric stimulation [22] or microinjections of GABA antagonist [10] in the PMd region induced a pattern of somatomotor and autonomic responses similar to the behavior of animals facing natural threats. Do Monte et al. [12] have shown that fear responses to predatory threats rely heavily on the PMd beta adrenergic neurotransmission. Thus, it has been shown that propranolol, injected systemically, significantly reduced PMd Fos expression in response to cat odor, and that beta adrenoceptor blockade, in the PMd, reduced defensive responses to both cat odor exposure and cat odor-related context [12] .
Based on this evidence, we investigated here the putative sources of catecholaminergic inputs to the PMd. To this end, we have first described the general pattern of catecholaminergic innervation of the PMd by examining the distribution and morphology of the tyrosine hydroxylase (TH) immunoreactive fibers in the nucleus; and next, combining Fluoro Gold (FG) tracing experiments and TH immunostaining, we determined the putative sources of catecholaminergic inputs to the nucleus.
Adult male Wistar rats (n = 15), weighing about 250 g and obtained from the local breeding facilities, were used in the present study. The animals were kept under controlled temperature (23 • C) and illumination (12 h In five animals, we have analyzed the distribution of the TH immunoreactive fibers in the region of the PMd. Animals were deeply anesthetized with sodium pentobarbital (Cristália, Itapira, SP, Brazil; 40 mg/kg i.p.) and perfused transcardially with a solution of 4.0% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4; the brains were removed and left overnight in a solution of 20% sucrose in 0.1 M phosphate buffer at 4 • C. The brains were then frozen and four series of 30 m-thick sections were cut with a sliding microtome in the frontal/transverse plane. One series was processed for immunohistochemistry with a mouse monoclonal antiserum against TH (ImmunoStar, Hudson, WI; dilution 1:1500). The primary antiserum was localized using a variation of the avidin-biotin complex system. In brief, sections were incubated for 90 min at room temperature in a solution of biotinylated horse anti-mouse IgG (Vector Laboratories, Burlingame, CA, USA), and then placed in the mixed avidin-biotin horseradish peroxidase (HRP) complex solution (ABC Elite Kit; Vector Laboratories) for the same period of time. The peroxidase complex was visualized by a 10 min exposure to a chromogen solution containing 0.02% 3,3-diaminobenzidine tetrahydrochloride (DAB, Sigma, St. Louis, MO, USA) in 0.05 M Tris-buffer (pH 7.6), followed by incubation for 10 min in chromogen solution with hydrogen peroxide (1:3000) to produce a brown product. The reaction was stopped by extensive washing in potassium phosphate-buffered saline (KPBS; pH 7.4). Sections were mounted on gelatin-coated slides and then treated with osmium tetroxide to enhance visibility of the reaction product. Slides were then dehydrated and coverslipped with DPX (Sigma). An adjacent series was always stained with thionin to serve as a reference series for cytoarchitectonic purposes.
Animals (n = 10) were anesthetized with a mixture of ketamine (Vetaset; Fort Dodge Laboratory, Campinas, Brazil) and xylazine (Rompum, 1:2 (v/v); 1 mL/kg body weight; Bayer; Sao Paulo, Brazil), and unilateral iontophoretic deposits of a 2% solution of Fluoro Gold (Fluorochrome Inc., Colo, USA) were placed stereotaxically into the PMd. Deposits were made over 5 min through a glass micropipette (tip diameter, 25 m) by applying a +3 A current, pulsed at 7-s intervals, with a constant-current source (Midgard Electronics, Wood Dale, Ill, USA, model CS3). After a survival time of 7-12 days, the animals were deeply anesthetized with sodium pentobarbital (65 mg/kg, IP) and perfused transcardially with a solution of 4.0% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4; the brains were removed and left overnight in a solution of 20% sucrose in 0.1 M phosphate buffer at 4 • C. The brains were then frozen, and five series of 30-m-thick sections were cut on a sliding microtome in the transverse (frontal) plane and collected from the caudal medulla through the rostral tip of the prefrontal cortex. One complete series was processed for immunohistochemistry with a rabbit polyclonal antiserum against FG (Chemicon, Temecula, CA) at a dilution of 1:5000. The antigen-antibody complex was localized with a variation of the avidin-biotin complex (ABC) system, as previously described for the TH immunohistochemistry, using a biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA) and a commercially available kit (ABC Elite Kit, Vector laboratories, CA, USA). The sections were mounted on gelatin-coated slides and then treated with osmium tetroxide to enhance visibility of the reaction product. Slides were then dehydrated and cover slipped with DPX. An adjacent series was always stained with thionin to serve as reference for cytoarchitecture. Another one of these series was reacted for both FG and TH immunofluorescence, as described below.
After incubation in a cocktail consisting of a mouse monoclonal antiserum against TH (ImmunoStar, Hudson, WI; dilution 1:1500) and a rabbit polyclonal antiserum against FG (Chemicon, Temecula, CA; dilution 1:1500) in PB containing 0.3% Triton X-100 and 10% skim milk for 48-72 h at 4 • C, the sections were rinsed and transferred to a solution containing a goat anti-mouse antibody conjugated to fluorescein isothiocyanate (Jackson Immunochemicals, West Grove, PA; 1:200 dilution) and a biotinylated goat antirabbit antibody (Vector, Burlingame, CA; 1:200 dilution) for 2 h at room temperature. After rinsing, the sections were reacted with avidin-Texas Red (Vector; dilution 1:200) also for 2 h at room temperature, rinsed again, and mounted in a bicarbonate buffered glycerol medium containing 0.1% p-phenylenediamine to retard fading. The slides were then stored in a freezer at −18 • C.
The immunostained sections were examined with a microscope under brightfield, darkfield, or epifluorescence illumination. Fluoro Gold deposits in the injection sites, and the distribution of retrogradely labeled neurons, were plotted with the aid of a camera lucida onto maps prepared from adjacent thionin-stained sections. The figures were prepared for publication by using the Adobe Photoshop (version 4.0; Adobe Systems, Mountain View, CA, USA) for photomicrographs and Adobe Illustrator (version 10.0; Adobe Systems) for line drawings. Only sharpness, contrast, and brightness were adjusted.
In the present study, we first analyzed the distribution of TH immunoreactive fibers in the region of the PMd. As shown in Fig. 1 , at premammillary levels, a cluster of TH positive cells of the A11 catecholaminergic cells group were found close to the dorsomedial border of the PMd; and, at rostral levels of the nucleus, some of these cells extended their dendrites into the boundaries of the nucleus, appearing as relatively thick fibers without clear varicosities, as indicated by the arrowheads shown in Fig. 1A . In addition, at rostral levels of the PMd, a sparse-to-moderate plexus of thin and varicose TH immunoreactive fibers was observed. Proceeding caudally, TH immunoreactive fibers formed a moderate-to-dense plexus of fibers surrounding the ventral border of the nucleus, whereas the core region of the nucleus contained only a sparse number of labeled axons (Fig. 1C) . Notably, TH immunoreactive fibers in the PMd and immediate ventral surroundings were relatively thin and poorly branched, containing numerous varicosities ( Fig. 1A and C) .
Next, we examined the PMd axonal inputs to investigate the putative sources of catecholaminergic innervation to the nucleus. In four experiments, the FG deposits were mostly confined to the PMd and yielded a similar pattern of retrograde labeling. As a prototype to illustrate our results, we chose experiment FGPMD#7 shown in Fig. 2 because the injection site was virtually confined to the nucleus and, at the same time, resulted in a larger number of marked cells. The general distribution of retrogradely labeled cells was similar to previous studies using the cholera toxin subunit B as retrograde tracer [9] . However, complementary to these previous observations, in the present investigation, all four experiments with FG deposits in the PMd revealed consistent retrograde labeling in the locus coeruleus -the A6 catecholaminergic cell group (Fig. 2B) . As shown in Fig. 3 , retrogradely labeled cells in the locus coeruleus were bilaterally distributed throughout the nucleus, with clear ipsilateral preponderance. Moreover, in two out of four experiments with FG deposit in the PMd, occasional labeled cells were found in the region of the A5 catecholaminergic cell group.
Finally, FG and TH immunofluorescence staining revealed double labeled cells exclusively in the locus coeruleus, where all FG retrogradely labeled cells were found to be immunoreactive for TH (Fig. 4) . In contrast, occasional FG labeled cells found in the region of the A5 failed to present TH immunoreactivity. In the present study, we investigated the pattern of catecholaminergic innervation of the PMd, as well as the putative sources of catecholaminergic inputs to the nucleus.
The present results revealed that the PMd presents a sparseto-moderate plexus of catecholaminergic fibers encompassing the rostral pole of the nucleus and, proceeding caudally, a moderateto-dense plexus of fibers surrounding the ventral border of the nucleus. The PMd may be divided into two cytoarchitectonic and functional distinct parts, namely, the dorsomedial and ventrolateral parts, where the former appears to respond to social threats (i.e., dominant male) and the latter to predatory threats, such as the live predator or its odor, as well as a predator-related context [8, 17] . According to the present findings, the catecholaminergic innervation of the PMd seems to establish closer apposition with the part of the nucleus involved in processing predatory threats.
Combining the results of the FG tract-tracing and TH immunostaining, we were able to see that the locus coeruleus was the sole brain site that contained double FG and TH immunostained cells. This way, the catecholaminergic input to the PMd appears to arise exclusively from the locus coeruleus, and, hence, should be exclusively composed of noradrenergic fibers [13] . At this point, it is not entirely clear why the previous study on the afferent connections to the PMd missed such projection from the locus coeruleus [9] . First, we should consider the superior sensitivity of the retrograde tracer FG over the cholera toxin subunit B used in this previous study [9] ; and, second, compared to the stronger sources of inputs to the PMd, the projection from the locus coeruleus is rather weak and could have just been overlooked in the previous study.
In contrast to what had been described for other locus coeruleus' targets, such as the septum, hippocampus and spinal cord, which receive noradrenergic inputs from specific parts of the nucleus [13] , the locus coeruleus cells projecting to the PMd seem to be distributed throughout the nucleus, providing perhaps more general information on the state of activation of the nucleus. Moreover, it is noteworthy that noradrenergic inputs to the PMd seem distinct from the noradrenergic innervation to hypothalamic sites involved in neuroendocrine and autonomic control, such as the paraventricular and dorsomedial nuclei, known to receive noradrenergic inputs chiefly from A1 and A2 noradrenergic cell groups related to conveying mostly interoceptive information [21] .
As noted in the introduction, fear responses to predatory threats rely heavily on the PMd beta adrenergic neurotransmission. It has been shown that beta-adrenoceptor blockade in the PMd, before cat odor exposure or cat odor-related environment, reduced both unconditioned and contextual defensive responses [12] . Previous reports have pointed to a moderately dense plexus of noradrenergic fibers in the PMd [16] , a finding which contrasts with the present results showing a sparse-to-moderate plexus of varicose catecholaminergic fibers at the rostral pole of the nucleus, and, at the central region of the PMd, a moderate-to-dense plexus of TH fibers surrounding its ventral part, but only a relatively sparse number of fibers directed to the core region of the nucleus. This paucity of direct catecholaminergic (presumably noradrenergic) input to the core region of the ventrolateral part of the PMd is, at first, hard to reconcile with the important role of the noradrenergic transmission on anti-predatory responses. Nevertheless, this pattern of noradrenergic innervation is compatible with the idea that the core region of the ventrolateral part of the PMd would receive substantial amounts of noradrenaline diffusing from the noradrenergic plexus, located in the ventral border of the nucleus, only after massive activation of the locus coeruleus, as it seems to be the case during exposure to either a live predator or its odor [11, 20] . In line with this view, the locus coeruleus is known to receive a massive projection from the dorsolateral part of the periaqueductal gray (PAG) [3] , which is one of the main targets of the medial hypothalamic defensive system and is particularly activated by all kinds of predatory threats, including exposure to a live predator or its odor, as well as exposure to a predator-associated context [6, 8, 11, 17] . Taken together, the information suggests that the locus coeruleus is an integral part of the circuit underlying anti-predatory defensive behavior. Thus, on one hand, it receives massive inputs from the dorsolateral PAG, and, on the other, it projects back to the PMd, influencing its degree of response. Moreover, the presently described pattern of noradrenergic innervation to the PMd is indicative that relatively weak or moderate activation of the locus coeruleus, such as those that may occur in response to a large range of events likely to increase arousal and attention [1] , should not necessarily influence the core region of the ventrolateral part of the PMd and evoke defensive responses.
At this point, it would be important to determine the distribution and putative roles of the several types of adrenoceptors in the PMd. As previously discussed, beta 1 adrenoceptor blockade in the PMd with atenolol (beta 1 antagonist) local injections in the nucleus reduced defensive responses to both cat odor exposure and cat odor-related context [12] . Moreover, recent findings from our lab indicated that activation of beta 1, but not beta 2, adrenoceptors in the PMd induced clear defensive responses and supported the acquisition of olfactory fear conditioning, an effect seemingly mediated through a glutamatergic pathway to the dorsal PAG [18] .
In conclusion, the evidence suggests that the locus coeruleus is seemingly a part of the circuit responding to predatory threats, and, as shown by the present results, is the sole source of catecholaminergic inputs to the PMd, providing noradrenergic inputs to the nucleus, which, by acting via beta 1 adrenoceptor, seems to be critical for the expression of anti-predatory responses.
